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slope by wave overtopping - Analysis of Wissekerke 
tests by means of piping theory 
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I. INTRODUCTION 
During overflow or wave overtopping, breaching of river 
dikes or coastal defence structure is mainly caused by 
erosion of the inner slope of dikes. As a result, catastrophic 
flooding, followed by significant damage and loss of life are 
likely to occur. Such a disaster was experienced in the 
Netherlands in 1953. Since this date, significant 
improvements have been made in the conception of dikes, 
particularly in the revetment of the outer slope. Nowadays, 
the understanding of phenomena at stake during waves attack 
is better but it is still difficult to evaluate resistance to 
erosion of inner slope of dikes confronted with continuous 
water flow by overflow or discontinuous water flow by wave 
overtopping.  
In the coming decades, global warming will make sea and 
river level increase and dikes will be more likely to 
experience overtopping waves or overflow events. It is also 
important to improve knowledge in failure mechanisms of 
the inner slope of dikes, in order to find the better way to test 
this part of dikes and to give prediction. 
The present study within the Delft Cluster framework 
“Safety against Flooding” is focused on the resistance of the 
inner slope to wave overtopping, regarding aspects of 
erosion, in particular for dikes with a (vegetated) cover layer 
of clay material. The objective of this study is to contribute 
to the development of a prediction model for erosion of 
vegetated clay cover of inner dike slope by overtopping 
waves. This paper is an extract from a Master’s thesis [1] and 
it focuses on one of the failure mechanisms which affect 
inner slope of dikes, namely the internal erosion mechanism 
which was observed during flooding of 1953 and during a 
large scale field test in Wissekerke in 1995.  
The first part highlights general considerations and an 
overview of failure mechanisms which may occur on the 
inner slope of dike after overtopping or overflow are 
presented. These mechanisms are internal erosion, surface 
erosion, superficial sliding and deep sliding. Then, 
Wissekerke tests, which are in situ tests aimed at simulating 
overflow conditions on inner slopes of dikes, are described. 
The second part starts with an analysis of different 
mechanisms which composed the main process of internal 
erosion. Creation of a crack at the top of the dike combined 
with soil deformation and creation of a well at the toe of the 
dike are likely to lead to erosion of soil from the sandy core. 
Our study is focused on the residual strength of the dike, 
namely process of soil erosion once a well had been formed 
at the toe of the dike. Sellmeijer’s sophisticated model for 
piping is adapted to create a prediction model for the pipe 
phenomenon occurring under the cover layer of inner slope. 
The third part is focused on results from this prediction 
model. Method followed during our calculation and some 
modellings are presented. Modellings with horizontal pipe 
formed through the dike and with pipe formed under the 
cover layer of the inner slope of dikes are performed. 
Comparisons with Sellmeijer’s model for piping are made. 
II. GENERAL 
A. Background 
The dike studied is composed of a vegetated clay cover and a 
sandy core (Fig 1). The upper layer of about 0.3m consists of 
material on which vegetation can develop well; the under 
layer consists of erosion-resistant clay [2]. The dike is 
experiencing overflow or overtopping waves. Overflow 
occurs if the water level exceeds the crest level, while wave 
overtopping may occur if the water level is still below the 
crest of the dike. So, overflow has a (quasi-)steady character, 
while wave overtopping is a non-steady water movement [3]. 
As a consequence of these two phenomena, grass cover 
layers on the crest and inner slope of dikes are potentially 
exposed to hydraulic loading. This hydraulic loading is said 
to generate erosion of the cover layer, and is a possible 
mechanism for initiation of breach development in the flood 
defence system [4]. Erosion of material depends on the flow 
velocity and the embankment material. If the material is not 
resistant enough to water flow, the time required, until a 
breach has formed is very important. Up to now this extra 
time is not taken into account when considering the strength 
of a dike because hardly any knowledge is available on this 
subject [5]. The residual strength of a dike is defined as the 
water retaining capacity of the dike after initial damage. This 
can be expressed in the amount of time from the moment of 
initial damage until the moment when an increasing flow of 
water runs into the polder (dike breach). If this residual 
strength is larger than the duration of the storm, the initial 
damage will not lead to inundation [6].  
 
 
Figure 1. Grass cover layer [7] 
 
  
B. Failure mechanisms on the inner slope of dike 
Due to overtopping or overflow, four failure mechanisms 
may affect the inner slope of dikes. Three of these 
mechanisms induce erosion of the cover layer of the dike 
whereas another one induces entire erosion of the inner 
slope. We can distinguish: internal erosion, surface erosion, 
superficial and deep sliding, depending on whether there is 
creation of a cover layer crack at the top of the dike or not. 
Here is definition in arbitrary order of importance. 
1. Internal erosion 
Internal erosion, like surface erosion and superficial sliding, 
is likely to occur after the creation of a cover layer crack at 
the top of the dike. During water seepage in the dike, two 
processes can appear depending on the structure of the dike 
[5]:  
• If the core of the dike consists of clay, a well occurs 
at the dike toe and soil is carried away. Within the 
cover layer a small channel is formed and grows. 
When channel dimensions become too high, the top 
layer collapses; 
• if the core of the dike is sand, water pressures 
become so high at the dike toe, that soil of the top 
layer is pushed away and a gate occurs. Then, water 
flow makes the gate grow and the remaining cover 
layer fails. In this case, the phenomenon is close to 
the micro instability1 mechanism [5]. 
2. Surface erosion 
Surface erosion appears as a consequence of water flow on 
the surface of the top layer. Depending on hydraulic 
conditions and on cover layer properties, soil is carried out 
more or less quickly. After, the inner slope steepens and 
erodes gradually.  
3. Superficial sliding 
Mainly, two processes occur during superficial sliding: 
decrease of shear strength as a function of saturation and 
increase in weight of the layer (which depends on thickness). 
Most of the time, superficial sliding is initiated by the 
creation of a crack in the cover layer at the top of the dike, 
and water infiltrates directly by the crack into the soil, 
provoking soil saturation. Strength of the top layer decreases 
with saturation and the increase of the thickness of the 
saturated layer is getting so high that a superficial sliding 
occurs. 
4.  Deep sliding 
Contrary to the three previous mechanisms, deep sliding can 
appear without any crack of the cover layer. Water flow 
directly infiltrates in the inner slope of the dike and saturates 
the soil. At a time when the soil has been saturated enough, a 
deep sliding may occur.  
C. Presentation of Wissekerke tests [8] 
1. Description of overflow tests and field 
Wissekerke tests are well-instrumented full scale field tests, 
which were performed at an old sea embankment in 
Wissekerke (in the South-West of the Netherlands) in August 
1995. These tests were aimed at analyzing the way that water 
infiltrates into the dike and at studying failure mechanisms 
on the inner slope of dike due to overflow events.  
                                                        
1
 Micro-instability on dikes is a phenomenon in which the 
lower part of a dike becomes instable due to seeping water.  
Overflow conditions were simulated by spraying the inner 
slope of the dike with partly salty water. Pipes were situated 
at the crest of the dike and water was pumped from a small 
ditch situated at the toe of the dike. Ditch level stayed 
constant during all the tests, because other pumps added 
water taken from a small canal, located not so far from test 
site. Four tests were conducted; three of them were not 
instrumented, whereas one was instrumented. Before these 
four overflow tests, preliminary identification tests were 
performed and some quick calculations were made. These 
calculations predicted that one part of the top layer of the 
inner slope should slide and the depth of the top layer sliding 
was expected to be between 0.5 and 1 meter. Instruments 
were then placed in function of these results. 
In situ tests and laboratory tests were executed to determine 
soil characteristics before overflow tests, at different times. 
Each time, geophysical tests, borings, triaxial tests, and grass 
strength tests2 were performed. By this way, soil parameters 
were determined and a geotechnical profile of the cover layer 
and the core of the dike core was drawn. Cover layer is 
mainly composed by clay and silt and the core of the dike is 
sand. Top layer is more permeable than deeper layers. Top 
layer permeability is about 10-3-10-4 m/s between 0 and 0.5 
meters deep, core permeability is about 10-6m/s between 0.5 
and 2 meters deep and 10-7-10-8m/s between 2 and 4 meters 
deep. Tests were performed on a 10*15m2 square area and 
inner slope was about 1:1.5.  
Tests were performed during summer and soil was very dry. 
That’s why for three of the four tests, soil was sprayed before 
the beginning of the test. During the four overflow tests, two 
failure mechanisms were observed: superficial sliding and 
internal erosion. 
2. Description of failure mechanisms 
At the beginning of the test, water infiltrates into the inner 
slope. Half an hour later, a crack occurs at the top of the 
inner slope, near the crest. As a consequence, water 
infiltrates by this crack and saturation is getting higher at the 
top of the inner slope. Effective shear stress is also becoming 
lower. A stick can be easily put half a meter deep into the 
soil from the top of the inner slope, whereas the same stick 
can be hardly put a few centimeters deep into the soil at the 
toe of the inner slope. At a time when inner slope becomes 
saturated enough, soil deformations occur and two scenarios, 
which depend on top layer strength, are possible: 
• If strength of top layer is large. 
The top layer can resist to initial water pressures. 
Water hardly flows on the inner slope and saturates 
soil from top layer. At the toe of the inner slope, air 
bubbles are observed, which means that soil is 
getting saturated. Due to high water pressures, cover 
layer is getting softer, so that a sliding occurs. One 
part of the top layer, one meter deep and a few 
meters large slides and it takes 5 minutes to come 
down at the toe of the inner slope. Soil from this 
sliding is so soft, that it is very difficult to walk on it 
just after the sliding. 
• If top layer has nearly no strength.  
Water can go out the top layer and water pressures 
in the top layer decrease: a well also occurs. This 
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 This test consists of determining the maximal strength and 
maximal traction tension of grass in function of applied 
displacement and time of application. 
  
well is initially small, but after a while and with 
erosion development, more soil goes away and 
erosion flow rate increases. Top layer is more and 
more saturated and grass mate is damaged by a few 
cracks, which pave the way for ditches. Then, 
erosion mechanism becomes more important, and 
ditches become larger and soil is pushed away at the 
dike toe.  
During these two scenarios, a large amount of sand is carried 
away at the dike toe. 
3. Description of the instrumented test 
As far as the instrumented test is concerned, it lasted 3 hours 
and water was sprayed before the beginning of the test. 
Initial flow rate was about 1.7l/m/s and final flow rate was 
about 3.6l/m/s. About 1h20min after the beginning of the 
test, a plastic sheet had been put at the top of the dike, under 
the spray equipments, to avoid erosion.  
The core of the dike was instrumented with different kinds of 
sensors: flow meter sensors, water pressure sensors, 
tensiometers, displacement sensors, inclinometers. A video 
camera was used too, and in order to determine the sliding 
depth, 6 clay columns, 2 meters length, had been put in the 
inner slope. Water infiltrated very quickly during the test 
(after 30min, water depth was about 1.25 meters) and 
infiltration values were higher than expected. As a 
consequence, some data given by water infiltration sensors 
were not always right, because these sensors were not 
adapted at such high values of infiltration very much. Water 
pressures varied very much locally and their values were 
higher than expected. No relation has been found between 
these water pressures and the creation of wells. First 
deformations observed are located near the crest and then on 
the entire inner slope. Clay columns deformations had shown 
that sliding thickness was about 1 meter deep. 
 
III. DEVELOPMENT OF A PREDICTION  MODEL 
A. Analysis of internal erosion mechanism 
According to observations made during Wissekerke tests, 
internal erosion mechanism can be divided into four sub-
mechanisms: 
• creation of a crack at the top of the dike; 
• saturation of the dike and deformation; 
• cracking of top layer at the toe of the dike and 
creation of a well; 
• soil erosion. 
1. Creation of a crack at the top of the dike  
Overtopping waves or overflow will cause water to flow at 
the inner slope of the dike. Water will infiltrate into the dike, 
provoking soil saturation. After a while, a crack is also likely 
to occur near the crest of the dike. According to observations 
made during Wissekerke tests, this crack is the starting point 
of internal erosion. Moreover, observations made during 
flooding in 1953, back up this hypothesis. During flooding in 
1953, most dikes were confronted with overtopping. And 
dikes, which were covered by a waterproofed canvas after 
creation of a crack at their top, didn’t experience any kinds of 
internal erosion, nor sliding of the cover layer. In the book 
“The disaster” [9], the writer has assembled 200 eye witness 
reports of flooding in 1953. It is written (p324) that people 
“have dragged the canvas covers over the crack and loaded 
the cover with sandbags.[…] In this way this night 
improvising with covers and bags several cracks were filled 
or covered and as a result prohibited breaching.” 
However, even if current observations make it obvious that 
creation of a crack at the top of the dike is a necessary 
condition for internal erosion, we can’t say for sure that 
internal erosion won’t appear without this crack. Indeed, 
creation of a crack at the top of the dike enables water to 
saturate more easily and more quickly the top layer and the 
ground layer of soil. In our opinion, this crack has mainly an 
influence on the speed of internal erosion mechanism. So, for 
further modelling or tests, it could be interesting to determine 
the real effect of crack at the top of the dike on internal 
erosion mechanism. 
2. Saturation of the dike and deformation 
Once a crack at the top of the dike had occurred, soil is 
getting saturated faster. To explain deformation observed 
during the phenomenon, we could refer to knowledge from 
unsaturated soil mechanics. Indeed, if we consider that soil is 
unsaturated before the beginning of the test, two possibilities 
can occur when soil is sprayed, that is to say when suction 
decreases: 
• soil collapses, when pressures are higher than swell 
pressures; 
• soil swells, when pressures are lower than swell 
pressures. 
In our case, soil is expected to swell when it is sprayed. In 
order to go further in the modelling of internal erosion 
mechanism, it could be interesting to determine these 
deformations, which could have an impact on the limit 
traction of grass and clay. 
Another important question is what parts of the clay dike will 
get saturated and what the location of the phreatic surface 
will be: Will the clay cover layer become saturated? Will the 
whole sand core become saturated? Will the phreatic surface 
in the sand core rise to the crest? A corresponding question is 
how the pore pressure distribution will develop. If the sand 
core becomes saturated to a high level yielding a high 
phreatic surface, no hydrostatic pressure distribution is 
possible without immediate instability of the clay cover 
layer. A non-hydrostatic pressure distribution in the sand 
core requires drainage either through the sub soil or through 
the clay cover layer or through pipes (or slits or rabbit holes) 
with an opening (crack) at the toe. 
3. Cracking of top layer at the toe of the dike and creation 
of a well 
Before any erosion may occur, a crack has to been created at 
the toe of the dike. Indeed, we could refer to knowledge from 
piping, defined as development of a pipe through the dike 
from downstream to upstream side. Conditions for creation 
of a crack are similar to our case of internal erosion. If a 
covering clay layer is present, cracking is a necessary 
condition for the creation of sand boils. If they are no cracks 
there will be no piping, unless open channels are already 
present, for example as a result of dead tree roots, digging 
and, depending on the groundwater situation, cracks in the 
clay [10]. When the covering layer is so heavy that cracking 
cannot occur, neither can the erosion mechanism as no sand 
can be borne away. The soil configuration is then insensitive 
to piping.  
Cracks in the covering layer can occur due to uplift, through 
which the seepage water finds its way to the surface. 
 gradient have to be large enough to uplift soil. And the 
following condition can be written to check if a crack can 
occur: 
w
wsat
upwardi
γ
γ−γ
≥   (1 ) 
where: 
iupward: upward gradient[-] 
γsat : unit weight of saturated soil from the cover 
layer [kN/m3] 
γw : unit weight of water [kN/m3] 
4. Soil erosion 
For development of erosion, two scenarios are likely to 
occur. Either soil is pushed away in relatively large units 
through the crack or, after creation of a pipe, the individual 
soil particles are eroded from the pipe boundaries by the 
flow. 
a) No pipe : discharge of water through porous 
medium 
In order to know if soil is likely to be pushed away without 
creation of a pipe but as a result of water infiltration through 
porous media, a simple modelling has been performed. For 
this modelling, which is based on data taken from the 
instrumented test of Wissekerke, it is assumed that there is 
no pipe in soil during erosion process. Detailed explanations 
and calculations can be found in [1].  
Soil erosion is supposed to be a consequence of water flow 
through porous media. Soil is also supposed to be fully 
saturated and water infiltrates through a thin layer of soil. 
The infiltration velocity is given by Darcy’s formula.  
The amount of flow rate given by this modelling is much 
lower than the flow rate approximately measured at the exit 
of the well during the instrumented test of Wissekerke. So, it 
is deduced that water infiltration through porous media is not 
sufficient enough to observe an internal erosion mechanism 
as observed during Wissekerke tests and soil erosion is due 
to the presence of a pipe in the soil.  
A few minutes after the creation of the well, it can be 
legitimately assumed that soil erosion is caused by a piping 
phenomenon. That’s the reason why the next parts from our 
report are focused on piping. However, some comments must 
be added about presence of a pipe when the well is created. 
Indeed, according to previous part, piping can only occur if a 
sandboil or a well is present. This means, that a pipe can’t be 
present in soil before creation of the well. A pipe can’t also 
appear a few seconds after creation of the well, because it 
takes a certain time before creation of a pipe. So, it is 
impossible to have a pipe before creation of a well, which is 
contradictory with results given by our modelling. If more 
attention is focused on what happened just before the 
creation of the well, the conundrum can be partly solved. 
According to the movie from Wissekerke tests, a light swell 
can be observed before creation of the well at the toe of the 
dike. So, it can be assumed that a cavity or a rabbit hole was 
already present before the well was created. Research on 
phenomena at stake and initial conditions required for 
creation of such a well in case of Wissekerke tests are 
beyond the scope of this thesis.   
b) Erosion due to piping 
After creation of the crack, two other conditions must be 
fulfilled to get piping [11]: 
• Condition for pipe in sand: there must be a ‘’roof’’ 
of clay, concrete otherwise. 
• The groundwater flow discharge per unit dike 
length, Dc, must be strong enough to erode the soil 
and let the pipe grow until the length l for which 
equilibrium is just reached: 
lengthpipeforcriticalDcDc ...=  
For checking piping, different calculation models and 
calculation rules are available: 
• Simple (empirical) calculation rules. One general 
characteristic of these rules is that they are simple 
and that a few parameters are necessary. Bligh and 
Lane rules are also such classical rules. They read:  
L/H=E   (2 ) 
where 
H: head across the structure  
E : erosion factor (different for Bligh and Lane), 
L : length of structure (L=Lvertical+ 3
1
 Lhorizontal for 
Lane and L=Lhorizontal for Bligh) 
 
• Complex calculation models. More parameters are 
necessary for a precise calculation. Sellmeijer 
designed such a model, by using basically analytical 
methods and numerical methods to refine the 
results. His model, which is essentially two-
dimensional, takes into account the transportation of 
grains through an already formed channel. His 
formula, which is equation (3), relates the hydraulic 
head H, the volumetric weight ratio wp γγ /' , the 
particle diameter d70, the intrinsic permeability κ, 
the bedding angle Θˆ , the drag factor Cˆ  
(coefficient of White), the thickness of the sand 
layer D, the length of the seepage line L. 
( )bb
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w
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The following parts will focus on residual strength of the 
dike. So, it is supposed that a well had been created and a 
pipe had  started to be formed. A modelling based  on the 
same method as Sellmeijer [12] is proposed. 
   
 Figure 2. Piping under the cover layer of inner dike slope of dikes (flow direction from left to right) 
 
B. Proposition of a modelling  
In his thesis, Sellmeijer [12] modeled piping for a 
horizontal pipe. His model is sophisticated, but also fairly 
complicated. In this part, the equations found by Sellmeijer 
will be changed in order to take into account the inner 
slope of dike and some assumptions will be made in order 
to proceed at easier calculations.  
Piping can be considered as the combined effect of three 
interacting processes: 
• flow through the slit combined with stability, 
• groundwater flow through the soil in the direction 
of the slit, 
• flow through the sand boil including sand 
fluidization. 
Here, the third process “flow through the sand boil 
including sand fluidization” is not considered. Indeed, 
according to Sellmeijer’s results [12], influence exerted by 
parameters of the sandboil is minimal. The interaction 
between groundwater flow and slit flow is modeled as in 
Sellmeijer’s thesis. Head gradient and discharge along the 
slit-soil interface, as functions of the place, are defined:  
• p(x,y)=p(x), component of gradient which is 
parallel to the slit  
• q(x,y)=q(x)  component of gradient which is 
perpendicular to the slit  
• )(xDc discharge through slit per unit dike length 
(m2/s) defined as follow: 
)()()()( xqxlkxkQxDc −==  (6 ) 
where 
Q : vertical potential [m] 
k : hydraulic permeability [m/s] 
x:parallel coordinate to the slit 
l: slit length [m] 
1. Flow through the slit combined with stability 
a) Flow in the slit  
We first assume that the perpendicular gradient to the slit q 
is constant: 
( ) 00 =<<
∂
∂ lx
x
q
  (7) 
This assumption appears justified for the interesting cases 
of just critical grain stability, at least for 90% of the slit: 
0<x<0.9l. Indeed, according to intermediate results of 
Sellmeijer [12], deviations are to be expected in the very 
beginning of the slit 0.9l<x<l. So, it can be considered that 
q=q(x=0). 
It is supposed that flow in the slit is laminar. In this case, 
results from Sellmeijer [12] can be used and flow can be 
described by the following equations: 
• the continuity of flow:  
paQ 312 =κ   (8 ) 
where 
Q: vertical potential [m] 
p : horizontal gradient [-] 
a: depth of the slit [m] 
κ : intrinsic permeability coefficient [m2] 
 
• the drag force τ along the bottom of the slit: 
pawγτ 2
1
=   (9 ) 
By using previous equations, the condition of continuity of 
flow can be written as follows: 
2
)(6)(
a
xDc
x w
νρ
τ =   (10 ) 
  
b) Erosion stability 
The diameter of all particles is chosen equal and denoted 
by d. Four forces are applied on a particle at the top of the 
interface. These forces are: 
• the weight of a particle :  
3
1 6
' dF p
pi
γ=   (11 ) 
• the force associated with the perpendicular 
seepage gradient (uplift force) : 
3
2 6
dCqF w
pi
γ=   (12 ) 
• the drag force due to channel flow : 
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==  (13 ) 
• the force associated with the parallel seepage 
gradient :  
3
4 6
dpF w
pi
γ=   (14 ) 
In order to facilitate the handling of the equations 
considerably, a second assumption is made : the force 
associated with the parallel seepage gradient F4 is 
neglected as compared to the drag force F3 [1]. Indeed, the 
ratio of these two forces  is written: 
d
aCˆ4
3
F
F
4
3
=   (15 ) 
and everywhere in any slit of interesting dimensions, 
1ˆ
4
3
>>
d
aC , thus 43 FF >>   
The equilibrium for rotation of the grain yields the 
following relationship at the junction point J of two 
particles (Fig 3) : 
)ˆsin(
2
ˆsin
2
ˆcos
2 123
α−Θ=Θ+Θ
dFdFdF (16) 
  
Figure 3. Grains equilibrium 
 
By using expression of the three forces, the critical shear 
stress crτ
  
can be determined.   
Θ
Θ−−Θ
=
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3
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dCqd wp
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γαγ
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(17 ) 
Then expressions for the critical depth of the slit acr, the 
critical discharge through slit per unit dike length Dccr, and 
the critical component of gradient parallel to the slit pcr can 
be found as functions of x. Expressions found allow us to 
characterize the situation by just the values at the end of 
the slit, where x=0 [1]. Assuming thatκ ,Cˆ , Θˆ , d, γp are 
known constants, we have the following five parameters 
describing the slit and the flow through it: l, a0,cr, qcr, Dc0,cr, 
p0,cr. 
 
2. Groundwater flow through the soil in the direction of 
the slit 
Given a certain l, we need four relationships to find the 
four critical values, whereas we have only three 
relationships given expressions for acr, Dccr, pcr [1]. So we 
need an additional relationship and we make a third 
assumption. 
Sellmeijer finds an implicite relationship between qcr and 
pcr by making his groundwater calculation. Here a 
relationship between qcr, pcr and l, is assumed in agreement 
with the following likely tendency of the interaction 
between groundwater flow and slit flow : increasing slit 
length l and associated increasing slit height, a0,cr, yields a 
decreasing flow resistance in the slit, whereas the flow 
resistance in the ground does not change significantly. 
Thus, the direction of the groundwater flow at the soil-slit 
interface, which can be considered equal to 
p
q
, changes 
from nearly parallel to the slit 






= 0
p
q to dominantly 
perpendicular to the slit 






> 1
p
q
. This can be expressed 
by : 
1
0
0
,0
C
cr
cr
L
lC
p
q






=   (18) 
where 
C0 and C1: “empirical” positive coefficients [-] 
L0 : characteristic dimension for the 
groundwater flow [m] 
If we suppose that the uplift gradient is very small as 
compared to the weight of a particle, namely
cr
w
p Cq>>
γ
γ '
, 
we can roughly determine evolution of pcr and qcr in 
function of the slit length l : 
• If C1=1, p0,cr is proportional to 
3/2
1
l
and qcr is 
proportional to l2/3. 
• If C1=0.5, q would not increase with increasing l, 
which does not seem very likely 
• If C1=2, p would be proportional to 1/l
 
and q 
would be proportional to l, which does not seem 
very likely either. 
So C1=1 seems a reasonable first estimate. In case of the 
flow as studied by Sellmeijer, L0=L seems a reasonable 
assumption. Then, C0=5 can be adopted, as 2
,0
=
cr
cr
p
q
 is 
F3 
F2 
Θˆ  
F1 
α 
α 
J 
 found by Sellmeijer for l=0.4L. So for flow through an 
infinite thick layer:  
0,0
5
L
l
p
q
cr
cr
=  (19 ) 
After calculations, a relationship between po,cr and others 
parameters, supposed as known, is found. Then  the critical 
head in the slit Pcr is calculated : 
dxpPxP
x
crcrcr ∫=− 0)0()(  (20 ) 
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xllpPxP crcr (21 ) 
As a result from this modelling, the slit depth, which is 
supposed constant along the slit, is independent of the 
inner slope [1]. 
 
IV. MODEL  AND  RESULTS 
We continue to focus on the residual strength of the dike. 
It is assumed that a well has developed and a pipe 
gradually increases under the cover layer of the dike due to 
overtopping. In order to know more about this residual 
strength, our piping model must be able to answer the 
specific question: Is the discharge through the sand, as 
induced by overtopping, sufficient to cause an ever 
increasing pipe length? In other words, given a certain 
pipe-length and given a certain slope angle α, what is the 
critical discharge Dc0,cr (per unit length of the dike) . 
A. Method 
In order to answer our specific question, we compare the 
critical discharge through the slit Dc0,cr with the load 
discharge from the sand into the slit Dcload.  
1. Calculation of critical discharge Dc0,cr 
With the help of equations from the previous part, a 
spreadsheet, is created. The critical discharge Dc0,cr is 
calculated as follows:  
• It is supposed as known parameters describing 
soil properties and values recommended by 
Sellmeijer [12] are retained (Table 1);  
• a value of the slit length l is assumed; 
• The ratio qcr/p0,cr is calculated; 
• p0,cr and qcr are calculated; 
• the critical discharge Dc0cr is calculated. 
 
Table 1. Values of soil parameters 
Submerged unit weight of particles γ’p  16.5 kN/m3 
Particle diameter d 2.10-4 m 
Bedding angle of sand Θˆ  54 degrees 
Surface factor C 0.4 
Drag factor Cˆ  4 
Sand permeability 2.10-4m/s 
Kinematic viscosity υ 1.10-6m2/s 
 
2. Calculation of load discharge Dcload 
In order to calculate load discharge, we make a 
groundwaterflow calculation by using the program MSeep. 
This program analyses two-dimensional stationary 
groundwaterflow for a cross section in layered soil 
structures, or for phreatic aquifers. The Finite Element 
Method is used to solve the differential equation of 
Laplace (Darcy+continuity) which represents the 
stationary groundwaterflow. A built-in meshgenerator 
creates an element mesh for the geometry [13].  
In this modelling, we focus on the interface between the 
core of the dike and the cover layer. That’s why we don’t 
draw any cover layer in our modelling. In MSeep, after 
having entered geometry and values for parameters 
describing soil properties, we consider limit boundaries: 
• At the upstream side and the downstream side, a 
boundary with potential is applied. The value at 
the downstream side will be kept constant and 
equal to the height level. The value at the 
upstream side will be made vary in order to 
observe influence of the head difference on 
results.  
• At the slit location, a boundary with potential is 
also applied. Two different modelling are 
performed to model the slit : 
o First, the flow resistance in the slit is 
taken into account. In this case, the 
potential between the beginning and 
the end of the slit is equal to the 
potential at the downstream side 
plus the critical head difference in 
the slit given by the following 
equation.  
lpPlPP cr,02)0()( =−=∆  (22) 
o Secondly, the flow resistance in the 
slit is ignored. In this case, the 
potential between the beginning and 
the end of the slit is equal to the 
potential at the downstream side. 
The head difference in the slit is 
equal to zero :  
0)0()( =−=∆ PlPP  (23) 
• Everywhere else, closed boundaries are 
chosen.  
The program MSeep gives us velocities inside each finite 
element. As we know the length of each element, we 
determine the discharge through each element and then the 
total discharge, Dcload, through the supposed slit [1]. On 
the same graph, the curves representing the critical 
discharge Dc0cr and the load discharge Dcload are then 
drawn as functions of the slit length.  
B. Some modellings 
1. Application to horizontal piping through the dike  
a) Modelling and discussion 
We have first made some calculation on the classical case 
of piping, namely by supposing that piping is formed 
through the core of the dike between the upstream and the 
downstream side. A simple geometry is chosen (Fig 4): the 
dike width (distance between points 2 and 3) equals 8 
  
meters at its basis. The calculation are performed by 
considering an inner slope equals to 0 degree and a 
characteristic dimension for the groundwater flow L0 equal 
to 8 meters. The slit is supposed to be situated between the 
points 2 and 7.  
 
Figure 4. Geometry-Modelling with MSeep piping module (α=0) 
 
After having used Mseep and our spreadsheet as explained 
previously, Fig 5 and Fig 6 are obtained, depending on 
whether we consider flow resistance or not. These figures 
show relations between the discharge through the slit Dc 
and the slit length l. By using these curves and comparing 
the critical discharge Dc0cr with the load discharge from 
the sand into the slit Dcload, we can conclude that the 
erosion process takes place. 
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Figure 5. Relation between Dc and l (α=0deg, ∆P=2p0,crl) 
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Figure 6. Relation between Dc and l (α=0deg, ∆P=0) 
When the head drop H is higher than a critical value Hcr, 
the load discharge Dcload is always higher than the critical 
discharge Dc0cr. As a consequence erosion process starts 
after creation of the slit and as equilibrium cannot be 
reached, the slit can develop between the upstream and 
downstream side of the dike. The total collapse of the dike 
becomes also unavoidable. 
In these modellings, the critical head drop is 
approximately equal to 3 meters when flow resistance is 
taken into account (∆P=2p0,crl) and is roughly equal to 1.4 
meters when flow resistance is ignored (∆P=0).  
Given a certain head drop, lower than the critical value Hcr, 
we are in the following situation. At the beginning of the 
process, the load discharge is beyond the critical discharge, 
which is necessary for initiation of the phenomenon. The 
slit develops until the load discharge becomes equal to the 
critical discharge. When this condition is fulfilled, 
equilibrium is reached and the slit stops growing. If the 
head drop remains constant, the erosion process stops here. 
If the head drop increases, the erosion process starts again 
and the slit develops until a new equilibrium is reached. 
This process continues until the head drop equals the 
critical value, which means that equilibrium cannot be 
reached anymore. 
In order to go deeper into the understanding of this process 
and to compare the results with Sellmeijer’s model after, 
we focus on the relation between the head drop H and the 
slit length l. The critical curve representing the head drop 
H as a function of the slit length l is drawn (Fig 7). Points 
taken for this curve satisfy the condition: Dc0cr = Dcload 
(junction points in Fig 5 and Fig 6). The shape of this 
curve is quite the same when flow resistance is considered 
and ignored. But values found are totally different. The 
critical head drop is higher when flow resistance is 
considered and the slit length is lower. The slit length is 
about 2 meters when flow resistance is considered and 4 
meters otherwise.  
It is obvious that a critical value of the head drop H exists. 
Beyond that value, equilibrium cannot be reached. To the 
left of the critical H the erosion length l is stable. Here a 
fluctuation in H is compensated for by a small increase in 
l. But to the right of the critical head a variation in l 
demands a subsequent decrease of H. If the hydraulic head 
stays constant a progressive process of erosion is set in 
motion, resulting in the total collapse of the dike.  
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Figure 7. Relation between H and l (α=30deg, ∆P=0) 
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b) Comparison with Sellmeijer’s model 
Results from Sellmeijer’s model are obtained by using 
directly the MSeep piping module. This module deals with 
piping as Sellmeijer did it in his thesis. However, only two 
forces and not four forces are considered for grains 
equilibrium, namely the drag force and the weight of the 
particles. Indeed, further calculation, made by Sellmeijer 
after his thesis, shown that forces associated with seepage 
gradient didn’t play a great role in the phenomenon. As a 
comparison with our method, we consider three forces for 
grains equilibrium and the relationship between the two 
components of the gradient is found by making an 
empirical assumption and not after calculation.  
Contrary to our modelling, where the slit is modeled by 
applying a boundary with potential, the use of the piping 
module requires to draw a dike over the supposed slit. 
Values are the same as in our modelling and the only 
difference is the presence of the dike. Vertical 
permeability of clay is equal to 10-5m/s and horizontal 
permeability of clay is equal to 10-6 m/s.  
MSeep gives us the critical curve representing the head 
drop as a function of the slit length. The shape of this 
curve is quite the same as ours (Fig 7). The critical head 
equals 1.2 meters and the critical slit length is equal to 3.5 
meters. Values found fit well with value from our model 
when flow resistance is ignored. When flow resistance is 
considered, there is a factor 2 between values found by our 
model and values found by Sellmeijer’s model. So, our 
model which ignores flow resistance, seems more suitable 
to deal with the horizontal case of piping. 
 
2. Application to piping under the cover layer of the 
inner slope of dike (inner slope of 30 degrees) 
 
For this modelling, we focus on pipe formed under the 
cover layer of the inner slope of dike. Geometry entered in 
MSeep is the same as in Wissekerke test. Inner slope is 
about 1:1.5 and length slope (between points 2 and 3 in Fig 
8) is 8 meters. Calculation are performed by considering 
an inner slope of 30 degrees and a characteristic dimension 
for the groundwater flow L0 of 8 meters. The thickness of 
the clay cover layer at the toe of the dike is 40 cm. Vertical 
permeability of clay is 10-5m/s and horizontal permeability 
of clay is 10-6 m/s. The erosion process is the same as in 
our first modelling, when the pipe is horizontal. Curves 
shape is quite the same as in our first modelling but values 
for the discharge and the head drop are different. 
 
Figure 8. Geometry entered in MSeep for a slope of 30 deg 
When flow resistance is ignored, the critical slit length is 
about 6.5 meters and the critical head drop is about 1.3 
meters. When flow resistance is not ignored, the critical 
slit length is approximately 5 meters and the critical head 
drop is 1.8 meters. So, flow resistance has less influence 
on critical values when the pipe makes an angle of 30 
degrees with the horizontal line.  
A comparison with Sellmeijer’s model is made. 
Sellmeijer’s model gives a critical head of 0.35 meters and 
a critical slit length of 4.1 meters. So, a large difference 
exists between these values and critical values from our 
model. However, for both models, process can be 
described by the same way. Beyond a critical value of the 
head drop, equilibrium cannot be reached anymore and 
pipe can’t but develop continuously. When the head drop 
is lower than this critical value, the slit develops as 
explained in our previous part.  
So our model is sufficient to describe process but any 
conclusion can’t be drawn as far as values are concerned. 
In order to refine it, assumption 3 should be reconsidered.  
The equation (19)  should be revised and different values 
for empirical coefficients 0C  and 1C  should be chosen.  
Although the critical values may deviate, some 
conclusions can be drawn about internal erosion 
phenomenon, which occurs during Wissekerke test. 
According to these models, a head drop much lower than 
the height difference between the toe and the crest of the 
dike is sufficient to engender continuous piping erosion 
and the collapse of the dike. Even the higher value found 
for the critical head, which equals to 1.8 meters,  is twice 
as low as the height difference between the toe and the 
crest of the dike, which is equal to 4 meters. This result 
means that the dike doesn’t need to be fully saturated to 
experience such an internal erosion phenomenon. In other 
words, once a well had occurred at the toe of the dike and 
pipe had started to be created; the inner slope of the dike 
can’t but collapse.  
V. CONCLUSION 
Due to overtopping waves or overflow, four failure 
mechanisms may affect inner slope of dikes: internal 
erosion, surface erosion, superficial sliding and deep 
sliding. This communication sheds light on internal 
erosion mechanism occurring on sandy dike with a 
vegetated clay cover layer.  
According to results from a large scale field test performed 
in 1995 in Wissekerke, internal erosion mechanism can be 
divided into four sub-mechanisms: creation of a crack at 
the top of the dike, deformation of the inner slope, creation 
of a well at the toe of the dike and soil erosion. As far as 
creation of a crack at the top of the dike is concerned, we 
think that its influence is mainly on saturation time of the 
dike. So for further research on the topic, it could be 
interesting to proceed at a sophisticated modelling of water 
infiltration into inner slope with and without a crack at the 
top of the dike; and depending on results, in-situ tests 
could be performed. More investigation could also be 
pursued in the understanding of phenomena and boundary 
conditions at stake during creation of well similar to 
Wissekerke tests. 
In this communication, data and observations from the in-
situ overflow test of Wissekerke are used to show, that 
water infiltrated in the dike cannot induce internal erosion 
  
only by porous medium. Pipe flow is needed to explain 
internal erosion. The hypothesis of piping occurring 
between the cover layer and the sandy core of the dike is 
justified and retained for development of a prediction 
model of soil erosion.  
Our model, a simplification of Sellmeijer’s model, aims at 
determining the slit (or pipe) length at which the discharge 
through the slit is just sufficient to cause limit of 
equilibrium of sand particles. The load discharge through 
the sand into the slit is calculated with the program MSeep 
and is compared to the critical discharge through the slit, 
which is determined by using equations from our model. 
Calculations performed with our model are easier than 
those performed with Sellmeijer’s model and some more 
assumptions are made. Particularly, the direction of the 
groundwater flow at the soil-slit interface is supposed to be 
given by the equation (19). 
Modellings for different values of pipe slope are 
performed. Piping process is well described but critical 
values found are not always good, as compared to 
Sellmeijer’s model for piping and observations from 
Wissekerke tests. So, for further investigation, we advice 
to refine equation (19). Other values for “empirical‘’ 
positive coefficients, different from values taken in this 
thesis, should be chosen. Comparisons between the model 
presented in this paper, the Sellmeijer’s model and results 
from in situe or laboratory tests should be done too. 
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